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Materials and Methods

Nanofabrication of the devices.

The a-RuCls/graphene/a-MoO3 heterostructures were exfoliated and stacked using a vdW
assembly technique (fig. S6). Initially, monolayer a-RuClz (Shanghai Onway Technology Co.,
Ltd.), monolayer graphene, and a-MoOs films (~242 nm) were taken from natural crystals and
exfoliated on SiO2 (300 nm)/Si and Au (60 nm)/Si substrates, respectively. Then, a-RuCls and
graphene were picked up by a deterministic dry-transfer process aided by a glass
/polydimethylsiloxane (PDMS)/polycarbonate (PC) stamp at 100 °C. After that, the stamp with a-
RuCls/graphene was aligned with a-MoO3z and the temperature was raised to 180 °C to release the
heterostructure with PC and form a-RuCls/graphene/a-MoQOs3 heterostructures. The samples were
subsequently immersed in chloroform for 10 min and rinsed in IPA for 3 min to eliminate any
residual PC. The double-layer graphene involved in Fig. 3 of the main text also uses the above
method to randomly stack two layers of mechanically exfoliated single-layer graphene. We note
that monolayer a-RuCls has been reported to produce high and homogeneous doping in monolayer
graphene with mobilities ~4900 cm?/ (V-s) at a large hole density of 2.7 <10 cm™2, while having
minimal optical absorption in the mid-infrared range (39).

The Au antennas (3 um x 250 nm x 50 nm) were patterned on the sample using 100 kV electron-
beam lithography (EBL) (Vistec 5000+ES, Germany) on PMMA950K resist (thickness of ~350
nm). After that, a layer of 50 nm thickness of Au was deposited by electron-beam evaporation in
a vacuum chamber under a pressure of 5x10° Torr. We deliberately did not prepare an adhesion
layer (usually 5 nm thickness of Ti or Cr), so that the gold antennas on the sample could be moved
away by an AFM tip (fig. S7). Electron-beam evaporation was also used to deposit a 60 nm-thick
gold film onto a low-doped Si substrate. To remove any residual organic materials, the samples
were immersed in a hot acetone bath at 80 <C for 25 min and subject to a gentle rinse of IPA for 3
min, followed by nitrogen gas drying and thermal baking.

Near-field optical microscopy measurements.

For near-field measurements, a scattering SNOM setup (Neaspec GmbH) equipped with a tunable
quantum cascade laser (890 to 2000 cm™) was utilized. A Pt-coated AFM tip with a radius of ~25
nm (NanoWorld) was employed, with a tapping frequency and amplitude of ~270 kHz and ~30-

50 nm, respectively. A p-polarized mid-infrared beam with a lateral spot size of 25 pm was aimed



68
69
70

71
72
73
74
75
76

77
78
79
80
81
82
83
84
85
86
87
88
89

90
91
92
93
94
95
96
97
98
99
100
101
102

at the AFM tip, illuminating the antennas and a large area of the graphene/a-MoQO3z samples. To
effectively reduce background noise, a third-order demodulated-harmonic analysis (S3 (w)) of the

near-field amplitude images was applied.

Calculation of dispersion and IFCs of hybrid plasmon-phonon polaritons.

The dispersion of hybrid polaritons was obtained from waveguide theory applied to graphene/a-
MoO3 heterostructure, in which the structure was modeled as a 2D waveguide consisting of four
stacked layers (see more details in fig. S3 and Note S2). In this analysis, air and the gold substrate
were modeled in terms of their isotropic dielectric tensors, while a-MoOs was described by

anisotropic tensors.

Electromagnetic simulations.

A Finite Element Method software (COMSOL Multiphysics 5.5) was used to simulate the
electromagnetic field. The model was constructed by following the geometrical specifications in
the experimental samples, in which graphene was described as a 0.33-nm-thick transition interface,
the metallic antenna was placed on the graphene/a-MoO3 sample, and the substrate was a 60-nm-
thick gold film. Perfectly matched layers were set up at all boundaries around the model to reduce
boundary reflections. The incident light was set as a plane wave polarized along the long axis of
the antenna with an angle of 45° to the surface. To simulate the tip-launched polaritons, we
introduced a dipole located 100 nm above the surface and polarized perpendicular to the surface.
The electric field distribution was calculated on a plane situated 20 nm above the uppermost
surface of the sample. To simplify the simulation, we ignored the single layer of a-RuCls. This
approximation should have a negligible effect on the simulation outcomes, as a single layer of a-

RuCl3 would only introduce a small dielectric loss (fig. S21).
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Note S1. Optical parameters of graphene and a-MoOs.

In our work, graphene is modeled as a homogenous two-dimensional conducting layer, and the
conductivity ¢ can be modeled in the local limit of the random-phase approximation (RPA) and
decomposed into intra-band and inter-band contributions as (40)

ieZKBT(w+%) e

2 s am (e (-25) + )] i [E)

G(w) - 2|EF|+h<w+?i)

which depends on the Fermi energy Er, the temperature T, and the relaxation time t = puEg/ evZ,
expressed in terms of the graphene Fermi velocity vy = ¢/300 and the carrier mobility 4. The
latter is assumed to be 4900 cm? V1 s7%. The real and imaginary parts of the graphene conductivity
as a function of the Fermi energy and frequency are plotted in fig. S1.

The permittivity of a-MoOs can be modeled by the Lorentz model (26)
. 2 . 2

wl, —wr
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- w? —iwy’

- j=xy2z (52)
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where ¢; denotes the principal components of the permittivity tensor of a-MoOs. The parameters

&2, are the high-frequency dielectric constants along the directions j, while w;,and w?., refer to
the LO and TO phonon frequencies, respectively. The parameters y/ are inelastic loss rates of the
material. The coordinates X, y, and z are oriented along the three principal axes of the crystal, which
correspond to the crystallographic directions [100], [001], and [010] of a-MoQs, respectively.
Detailed parameters are shown in Table S1. The real and imaginary parts of the a-MoO3
permittivity along the three principal axes are plotted in fig. S1.

Table S1. Parameters used for modeling the permittivity of a-MoOs.

Direction o W (cm™) wro (cm™) ¥ (cm™)
x [100] 4 972 820 4

v [001] 5.2 851 545 4

z [010] 24 1004 958 2
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Note S2. Calculation of the dispersion and IFCs of hybrid plasmon-phonon polaritons.
In the theoretical model, we treat the graphene/a-Mo0Os heterostructure as a laterally-infinite

stratified medium consisting of four layers (fig. S3): z> 0 (air, layer 1), —d1 < z< 0 (graphene,
layer 2), —d» < z< —d1 (a-Mo0QO3, layer 3), and z< —d> (Au, layer 4). Each layer is represented by
its corresponding dielectric tensor. The air and Au layers are described by isotropic tensors
diag {Sa,s}, while graphene is modeled as a uniaxial anisotropic material (41), whose permittivity

tensor is given by

&t 0 0
Egraphene =10 &gt 01, ($3)
0 0 &,

where the tangential permittivity is expressed as

io

g =1+1i (54)

wepty
while the out-of-plane permittivity is set to

gz = 1. (S5)
Here, ¢, is the free-space permittivity, t, represents the thickness of monolayer graphene, which
is set to 0.33 nm, and o represents the optical conductivity of graphene taken from the local limit
of the RPA (following Eg. (51)).

As a-MoQs3 is a biaxial anisotropic material, its permittivity tensor is modeled as

Emx O 0
EMo0; = g Er(r)ly 01, (56)
sz

Where &, £my, and e, are the permittivity components along the principal axes (as shown in
Note S1 and fig. S1).

Without loss of generality, we consider polariton waves propagating with an in-plane wave vector
Kin—piane = (kx, ky), such that

ky = Kin—piane COS(¥),  ky, = kin_plane Sin(y), (S57)
where ¥ denotes the angle between Ein_plane and the x axis.
Through a simple coordinate transformation, the dielectric function of a-M0O3 along the direction

of wave propagation Ein_plane can be expressed as &, = &y c0S* (W) + £y sin?(¥), and thus,
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we find a 2D dielectric function diag {&,,;, €mz +- Similarly, we can write the graphene permittivity
tensor as diag {eg¢, £4,}-

In our system, the a-MoOs layer contains TM-TE mixed modes, but the weight of the TE

component is much weaker than the TM one (28). As an approximation, we consider TM modes
in the following derivation. We focus on a 2D waveguide mode with Ein—plane directed along the
X axis, as shown in fig. S3. The transverse magnetic field in the graphene/a-MoO3 heterostructure
can be expressed as ﬁy = H,(2) exp(iqx — wt) é,, where q :|Ein_plane| and é,, is the unit vector

along y. Solving the wave equation VZH + k2 gH = V(V- ﬁ) in each layer, we find the relations

0%H R

Y b (eas - )iy =0, (58
9%H - el -

y 2.0) t 2
—_— — | —= H, =
37 +<k0£t (sg) q y =0, (59)

where j = 2 and j = 3 denote the graphene and a-Mo0O3 layers, respectively. For a van der Waals

structure of finite thickness, the solution for H,,(z) can be expressed as

((A+ B)e % (z > 0),
Aei*s?z 4 go-ikz (—d; <z<0),
Hy(Z) = Ceikgg)z + De—ik§3)z (—dz <z S _dl)' (510)

(Ce—ikf)dz n Deikg”dz) e®(zd)  (; < g,

Here, a, s = /qz — kgeg s is the out-of-plane decay coefficient of the air layer (j = 1, a,) and Au

. . 9)
layer (j = 4, a), while ké’) = \/kgst(’) - (sf )qz is the normal wave vector component in the

KO

graphene (j = 2) and a-MoO:3 (j = 3) layers. The four unknown parameters A, B, C, and D are the
amplitude coefficients of the nontrivial solution that is found by matching the electromagnetic
boundary conditions and imposing the vanishing of the associated secular determinant. In addition,

d, and d, are the thicknesses of the graphene (j = 2) and a-Mo0O3 (j = 3) layers, respectively.

To find E, = E,(2) exp(iqx — wt) &, we plug H,, into the curl equation V x H = iweoZE. We

obtain
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WEYE,
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Considering that the tangential components of E and 'H are continuous at the interface, we find
the following equations
EP =EX HP =HY, 2z, = —d,
E® =EX HP = HY, 23 = —d,.

(512)

By substituting the fields in Egs. (S10) and ( S11) into the boundary conditions, we obtain the

secular matrix equation

oy ke kT 0 .
0 @ 5O "
(@3] 2) 3) )
kz e_ikg)d —kz eik§2)d1 _kz e—iks’)dl kZ eiks’)dl B
(2) (2) (3) (3) _
gt gt Et St 0. (513)
e_lk§2)d1 eik§2)d1 _e—ik§3)d1 eikf)dl C
iog k§3) _ik®y lag k§3) x®q LD
0 0 e e B
85 gt SS St ]

Denoting the square matrix in this equation by M, we impose the vanishing of the determinant
det{M} = 0 to guarantee the existence of a nonzero solution for the amplitude coefficients A, B, C,

and D. Such condition leads to the transcendental equation

. (2) 2.(2)
0201 — _ [(P2=P3) (P3—Pa) @a+Ps)]e 2”414 [(py+D3) (D3 +P4a) (Pa+ps)]e "z 41

e O (514)
[(P2-3) @3+D4) Pa-Ds)e™ 2 U1 +[(p2+p3) (P3—pa) (pa—ps)le Kz 4

where
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kY
Ps = 5
4 853)
_las
ps = e,

The solution to Eq. (514) yields the mode dispersion, which can be solved for each value of the
angle i (see Eq. (S7)), thus generating a function g(3) that can be understood as IFC of the

polaritons. Following this procedure, we find the numerical results in Fig. 1B.
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Note S3. Theoretical analysis of the focal position associated with negative refraction.

As the tangential wave vectors of the interface for the refraction process are continuous (this is
essentially Snell's Law), the relationship between the incidence and refraction angles can be
obtained numerically, as illustrated in fig. S5A.

For the bare a-MoQs film, the hyperbolic polaritons in the Reststrahlen band II (816~972 cm™)
are highly oriented. When approaching the two asymptotes of the hyperbolic IFC, the number of
available wave vectors of PhPs and the intensity of the electric field are significantly increased, as
inferred upon examination of the Dyadic Green tensor (42). More precisely, the zz component of
the Dyadic Green tensor of the bare a-MoOs film reduces to

3
c N €2 (e2Ay? + €2Ax?)e™koH i(2e\/ex0y? + €,0x%) S16
eZet(kod)?(exAy? + €,Ax2)* WY

where

2e\[€20y? + €ZAx?
€x/€ykody/€xAy? + €, Ax?

denotes the in-plane wave vector and e represents the relative dielectric function given by the

q= (517)

average value of the upper and lower media. We take € = 1 and denote Ar = |r — r’| the distance
from the target point to the source point, with relative vector projections on the x and y directions
given by Ax and Ay. In addition, k, represents the free-space wave vector of the incident light, d
denotes the thickness of a-MoOs, and H is the height of the detection point.

In fig. S5B, we plot the absolute value of G,,(r — ") (orange solid curve), obtained from Eq. (516)
as a function of polar angle at a distance Ar = 2.5 um from the source point for an illumination
frequency of 893 cm™. The thickness of a-MoQs is set at t = 240 nm. We set the monitoring point
for the a-MoO3 film at a height H = 50 nm. The pseudo-color map of the background is obtained
from a numerical simulation of the electric-field absolute amplitude |E| excited by a point electric
dipole placed 100 nm above the a-M0Oz3 surface. The near-field absolute amplitude shows a
maximum at an angle ¢, with respect to the [100] crystal direction (set to x here), which indicates
that energy is mainly canalized along this direction. We consider ¢, as the main angle sustained
by the incident light, such that the intersection of the refraction angle corresponding to ¢y is
calculated as the focal point. Using this simplified model, the relative positional relationship
between the source and focal spot can be determined as follows,
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where d and f represent the distance from the source point and the focal spot to the graphene edge,

respectively.

Notably, the refraction angle in our structure has a finite range rather than being at a single fixed
angle. As aresult, these angular deviations cause some defocusing. However, since the distribution
of such angular deviations is small (within ten degrees, Fig. S5B), the defocusing effect can
roughly be ignored. Because of this, we can observe the focal point clearly in both experiments
and simulations. In the future, optimization of the interface geometry could allow for corrections
of the angles of all refracted beams, such that they point to the same direction, thus improving

focusing performance.

In addition, the negative refraction approach to focusing is essentially different from the antenna
shaping approach in a hyperbolic media. In particular, antenna shaping changes the light at the
original source to achieve focusing (41, 43, 44); in contrast, negative refraction works by changing
the propagation path of light which has been excited before, and finally produces focusing. As a
result, negative refraction in this work has the benefits of focusing divergent waves that are already
excited, manipulating focusing in situ, and enabling active control and dynamic switching to focus.
It should be noted that by reducing the thickness of a-MoOs3 to the monolayer, the theoretical upper
limit on the focusing linewidth can be significantly increased. Since phonon polaritons are mainly
volume modes, the thickness of the material has an inverse relationship with how tightly they are

constrained in space.
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Fig. S9. Experimentally measured near-field distributions of polaritons and corresponding
simulated field distributions Re{E:}. (A-D) Hyperbolic polaritons launched and propagated in
bare a-MoOs as a control experiment. (E-H) Hyperbolic polaritons launched from a-MoOs to the
interface, undergoing negative refraction and focusing. (I-L) Reversed negative refraction relative
to panels (E-H), where the antenna is now placed on the graphene/a-MoOs side. (A, E, 1)
Experimentally measured near-field amplitude of polaritons. (B, F, J) Simulated field amplitude
Re{E.} corresponding to panels (A, E, I). (C, G, K) Near-field profiles of the signal along the
orange and green vertical dashed lines in panels (A, B), (E, F), and (I, J), respectively. The black
dashed curves are fitting Gaussians. (D, H, L) Near-field profiles of the signal along the orange
and green horizontal dashed lines in panels (A, B), (E, F), and (I, J), respectively. All the
experimental results are measured from the in-situ sample shown in Fig. 2 and fig. S7. The
thickness of a-MoO3 is 242 nm. The scale bar indicates 3 um. The graphene is prepared by
mechanical exfoliation and statically doped to a Fermi energy Er = 0.5 eV by a monolayer of a-
RuCls. The illumination frequency is fixed at wo = 893 cm™.
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Fig. S10. Simulation of modal-profile matching. (A) Mode profiles for different graphene Fermi
energies. The thickness of a-Mo0Os is 242 nm. The scale bar indicates 3 um. The illumination
frequency is fixed at @o=900 cm™. (B) Electric field profiles for different graphene Fermi energies
corresponding to panel (A). (C) Correlation coefficient of the electric field profiles for different
graphene Fermi energies compared with that of bare a-MoOs, shown at the top of panel (B). The
modal-profile mismatch is less than 3% at different graphene Fermi energies due to the strong
overlap of the surface modes on both sides.
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Fig. S11. Analysis of optical losses at the graphene interface. (A) Simulated spatial distribution
of the electric field along the x direction as polaritons propagate from a-MoO3 to graphene/a-MoO3
for different graphene Fermi energies (see labels). Since this is a port excitation, we only consider
the polaritons of normal incidence. The thickness of a-Mo0Os is 242 nm. The scale bar indicates 2
pum. The illumination frequency is fixed at wo = 900 cm™. (B) Polaritonic reflectance (yellow),
transmittance (red), and scattering (green) as a function of graphene Fermi energy. Thanks to the
single-atom thickness of graphene, losses stemming from scattering at the interface are expected
to be negligible and, although they increase with the graphene Fermi energy, the overall loss does
not exceed 12%.
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Fig. S12. Wide angle negative refraction over a broad spectral range. (A) Hyperbolic
polaritons launched and propagated in natural a-MoOz as a control experiment. (B) Measured near-
field images showing negative refraction from a-MoO3 to graphene/a-MoOz with illumination
frequencies ranging from 900 to 920 cm™ (see labels). (C) Negative refraction from graphene/o-
MoO3 to a-MoOs. All experimental results are measured from the same in-situ sample as in Fig.
2. The scale bar indicates 3 um. (D) Three-dimensional representation of the polariton IFCs in a-
MoOs (blue) and graphene/a-MoQO3 heterostructure (green), with experimentally measured
frequencies represented by black curves. The opening angle £ of PhPs in a-MoOs increases with
the illumination frequency, which weakens the focusing effect produced by negative refraction
from a-MoQO3 to graphene/a-M0Os3 because of the increased spatial incidence range of PhPs in a-
MoOsz. On the contrary, focusing should be enhanced with an increase of frequency for negative
refraction from graphene/a-MoOz to a-MoOz due to the increase in refraction angle, which is
related to the opening angle.
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Fig. S13. Experimental relationship between focal position and various illumination
frequencies. (A, B) Focal distance from the interface as a function of illumination frequency. The
red and green dots are extracted from experimental results in Fig. 2 and fig. S12, while crosses
represent theoretical results obtained by using the method described in Note S3, and the solid
curves are guides to the eyes.
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Fig. S14. Negative refraction by negative group velocity of reversed dispersion. (A)
Schematic of negative refraction between plasmons in graphene and phonon polaritons in a-MoO3
using an in-plane heterostructure. S; and S indicate the Poynting vectors of plasmon and phonon
polaritons, respectively. (B) Dispersion of graphene plasmons and phonon polaritons in a-MoOs,
corresponding to the left and right region in the panel (A), respectively. (C) Simulated spatial
distribution of the electric field Re{E.} launched by a dipole source at a frequency of 988 cm™
(corresponding to the intersection of the green dot in panel (B)), showing negative refraction.
The Fermi energy of graphene is set to 0.5 eV and the thickness of a-MoOs3 is 260 nm.
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Fig. S15. Gate-tunable hybrid polaritons. (A) Topography images of the a-MoOs edge
corresponding to the samples in Fig. 3. The scale bar indicates 1.5 pm. (B) Real-space infrared
nano-images of gate-tunable hybrid polaritons along the x direction (crystal axis [100] of a-M0O3).
(C) Near-field profiles extracted from panel (B). The a-MoOs thickness is 60 nm and the
illumination frequency is 893 cm™.
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Fig. S16. Gate-tunable negative refraction with different graphene Fermi energies. (A)
Experimental near-field images showing gate tunning of negative refraction from a-MoO3z to
graphene/a-MoO3 with voltages arranged from +150 to -150 V. The scale bar indicates 1.5 pm.
(B) Numerically simulated negative refraction with various Fermi energies of graphene from Er=0
to 0.66 eV, corresponding to the experimental gate voltages. The experimentally recorded
polaritons are represented by interference fringes excited by the tip and reflected by the hole edge.
The polaritons are excited by the incident light directly on the hole edge in the simulation.
Therefore, there is a two-fold spatial relationship between these two results. The scale bar indicates
0.5 um (A) and 2.5 um (B), respectively. The a-MoOs thickness is 60 nm and the illumination
frequency is 893 cmin all panels.
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Fig. S17. Extraction analysis of FWHM and intensity enhancement of the focal spots for
various gate voltages. FWHM and intensity enhancement are extracted along the y and x
directions (vertical (the third fringe) and horizontal red arrows in fig. S16, respectively). The
FWHM can be obtained by fitting the near-field signal profiles in panel (A). The intensity
enhancement can be determined by comparing the intensity ratio of the focusing fringe to the same
order fringe without a negative refraction effect (i.e. [(Sg3/S3)/(S23/539)]2), where S2;/S53
represents the effects from the surface conductance of graphene and it is subtracted to obtain the
field enhancement caused only by the focusing of negative refraction.
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Fig. S18. Gate-tunable negative refraction of another sample. (A) Optical image of a gate-
tunable device consisting of (from top to bottom) an a-MoO3 film, monolayer graphene, and SiO-
substrate. The black horizontal arrow indicates the position of the fabricated circular holes with a
diameter of 400 nm. The scale bar stands for 10 pm. (B) Experimentally measured near-field
images of gate-tunable negative refraction from hyperbolic a-Mo0Os3 to elliptic graphene/a-MoO3
with bias voltages varying from +150 V to -150 V. The focal point yields FWHM as small as 185
nm at Vg=-150 V (i.e., ~1/60 or 1.6% of the free-space light wavelength). The vertical black dashed
line represents the graphene edge. The a-MoO3 thickness is d = 50 nm. The illumination frequency
is fixed at 893 cm™?. The scale bar indicates 2 um. (C) Intensity enhancement and FWHM of the
focal spots for various gate voltages, taken from the experimental measurements in panel (B).
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Fig. S19. IFC analysis of the transition from normal to negative refraction by gate-tuning.
Normal refraction occurs for EF=0¢V, 0.16 eV, 0.26 €V, 0.34 €V, and 0.42 eV, “zero” refraction
takes place at a Fermi energy about EF = 0.50 eV; negative refraction is observed for Fermi
energies EF = 0.58 eV and 0.66 eV. These Fermi energies correspond in turn to experimental gate
voltages Vg4 = +150 V, +100 V, +50 V, 0 V, -50 V, -75 V, -100 V, and -150 V, respectively. The
a-MoOs thickness is 60 nm and the illumination frequency is 893 cm™. For the angle of refraction,
we specify “+” on the upside of the interface normal and “-” on the downside.
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Fig. S21. Effect of monolayer a-RuCls on the propagation of hybrid polaritons. (A)
Numerically simulated field distribution of hybrid plasmon-phonon polaritons in graphene/a-
MoOs with and without monolayer a-RuCls. (B) Near-field profiles taken at the positions marked
by blue and red horizontal arrows in panel (A). The value of |E;| is normalized to the maximum
electric-field intensity. The Fermi energy of graphene is set to Er = 0.5 eV. The a-M0Os thickness
is 242 nm. The illumination frequency is 893 cm™.
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